The amino acid glutamine (Gln) is an important assimilatory intermediate between root-derived inorganic nitrogen (N) (i.e., ammonium) and downstream macromolecules, and is a central regulator in plant N physiology. The timing of Gln accumulation after N uptake by roots has been well characterized. However, the duration of availability of accumulated Gln at a sink tissue has not been well defined. Measuring Gln availability would require temporal measurements of both Gln accumulation and its reciprocal depletion. Furthermore, as Gln varies spatially within a tissue, whole-organ in situ visualization would be valuable. Here, the accumulation and subsequent disappearance of Gln in maize seedling leaves (Zea mays L.) was imaged in situ throughout the 48 h after N application to roots of N-deprived plants. Free Gln was imaged by placing leaves onto agar embedded with bacterial biosensor cells (GlnLux) that emit luminescence in the presence of leaf-derived Gln. Seedling leaves 1, 2, and 3 were imaged simultaneously to measure Gln availability across tissues that potentially vary in N sink strength. The results show that following root N fertilization, free Gln accumulates and then disappears with an availability period of up to 24 h following peak accumulation. The availability period of Gln was similar in all seedling leaves, but the amount of accumulation was leaf specific. As Gln is not only a metabolic intermediate, but also a signaling molecule, the potential importance of regulating its temporal availability within plant tissues is discussed.
Introduction
Nitrogen (N) is a limiting plant macronutrient, especially in non-leguminous crops such as maize (Zea mays L.). N is required for the synthesis of macromolecules including nucleic acids, amino acids and chlorophyll [1] . Plant roots uptake soil N, primarily nitrate (NO 3 − ) and ammonium (NH 4 + ), and then assimilate this inorganic N into the amino acid glutamine (Gln) beginning with conversion of nitrate to ammonium. Glutamate (Glu) is then used as a substrate by the glutamine synthetase/glutamine oxoglutarate aminotransferase (GS/GOGAT) cycle to assimilate ammonium, which can become the amide group of Gln [2, 3] ; this is considered a major route by which inorganic N is incorporated into organic N [4] [5] [6] . Although the synthesis of other amino acids primarily uses Glu or aspartate (Asp) as the direct substrate for aminotransferases, Gln is also used as a N donor for amino acid synthesis by enzymes such as asparagine synthetase, releasing Glu [2, 3, 7] . As a primary assimilatory product, Gln displays extremely sensitive and rapid responses to N application in maize tissues; however, because it is a donor of N for downstream metabolism and hence has a transitory role, free Gln forms only a fraction of the steady-state amino acid pool, reported to comprise 4-6% of the total amino acid content in leaves [8, 9] . Therefore, the appearance and subsequent disappearance of Gln from plant tissue may serve as a useful biomarker for tracking the progression and rate of N uptake, assimilation and utilization. Although the rate and timing of appearance of assimilatory Gln following N fertilization have been well characterized in many plants grown in laboratory conditions, the rate of consumption and hence availability of free Gln in sink tissues is less defined despite its implications for N metabolism and regulation. Previously [10] , an Escherichia coli biosensor auxotrophic for Gln (named GlnLux) was engineered with a constitutive lux operon to emit luminescence upon exposure to external Gln. Advantages of GlnLux include a low cost and tissue requirement, and simplified tissue preparation steps compared to most biochemical approaches including high-performance liquid chromatography (HPLC). The biosensor cells could be embedded into agar (GlnLux agar), upon which leaves were placed, freeze-thawed to cause Gln leakage, and then incubated at 37 • C to activate the biosensor cells. Following root N fertilization, spatial luminescence-output from maize seedling leaves could then be imaged using a photon-capture camera, corresponding to free Gln tissue-localization [11] . However, in our previous study, there were few timepoints, resulting in low temporal resolution, and furthermore N was applied continuously for 24 h following N deprivation, corresponding to the entire duration of the experiment. As a result, while rapid assimilation to free Gln was observable following N fertilization, the rate of subsequent conversion of free Gln to downstream products could not be discerned.
Here, an in situ leaf imaging experiment using GlnLux agar was designed to characterize the timing of Gln availability in maize leaves in the 48 h following a pulse of root N fertilizer. All seedling leaves were imaged simultaneously to measure Gln availability across organs that potentially vary in N sink strength. Nine distinct timepoints were imaged allowing for high temporal resolution.
Materials and Methods

Maize Growth Conditions
Zea mays L. hybrid CG60 X CG102 seed [12] was used. Two independent trials were conducted in a greenhouse set to 28 • C/20 • C day/night (16 h/8 h), with 1000 W high pressure sodium and 1000 W metal halide lamps supplemented with GroLux bulbs (Osram Sylvania Inc., Wilmington, MA, USA). Average light intensity was 768-923 µmol·m −2 ·s −1 (Trial 1) and 749-896 µmol·m −2 ·s −1 (Trial 2) (canopy level at noon). Seeds were surface sterilized by soaking for 4 min in 70% ethanol, 2 min in 4% NaClO, and then washed five times in sterile double distilled (dd)H 2 O. Seeds were transferred to 18-cell (1 seed per cell, 8.5 × 8.5 × 9 cm) growth flats of Turface ® (Profile Products, Buffalo Grove, IL, USA), a clay gravel containing only trace plant-available nitrogen (N) [13] . The flats were placed into sub-irrigation trays containing ddH 2 O with no nutrients. Stiff plastic webbing (L1020 injection molded web tray, Landmark Plastic, Akron, OH, USA) was placed in between the flats and sub-irrigation trays for easy transfer of the flats. Flats were watered as needed, with daily randomization.
Seedlings were grown for seven days, after which the remaining ddH 2 Seedlings remained in the solution for 24 h before sampling to prevent nutrient imbalance during N application.
Two Hour Nitrogen Pulse and Leaf Tissue Sampling
Growth flats served as the experimental units for repeated measurements, arranged as a randomized complete block design. The first leaf sampling was conducted just before applying +/−N treatments to the seedlings (time 0; the starting point). Leaves were harvested and placed in liquid N 2 . Leaf 1 (the first leaf to emerge) was entirely removed at the ligule. Leaves 2 and 3 had not fully developed, and only the completely unfurled segment was harvested. Four replicates of each leaf, from each N treatment, from individual plants grown in separate growth flats were stored at −80 • C until imaging. After the starting timepoint, +/−N treatment was performed by moving all flats to new sub-irrigation trays containing either the same N-free Hoagland's solution described above (−N) or supplemented with 20 mM N (+N) provided as ammonium nitrate (NH 4 NO 3 ).
Plant N uptake was permitted for 2 h. Maize leaves were sampled again, as described above, after 1 and 2 h of N uptake. Flats were then removed from the sub-irrigation trays, and a water hose was applied directly over the top of each flat for 5 min, followed by the bottom of each flat for 1 min to flush N present in the growth media. Previous experimental steps were staggered to account for the flushing period. Flats were placed into new sub-irrigation trays of N-free Hoagland's solution for the remainder of the experiment. Leaf sampling was performed again at 4 h, 6 h, 12 h, 24 h, 36 h and 48 h after the initial transfer to the N-uptake treatments, again by sampling the three different leaves of four replicate plants from each N treatment harvested from separate growth flats. Two additional harvest timepoints were included in Trial 2 at 18 h and 30 h to increase the temporal resolution.
Generating Leaf In Situ Images of Free Glutamine
Direct in situ imaging was performed with GlnLux biosensor cells ( Figure 1 ) as previously described [11] . Briefly, biosensor cells were incorporated into solid GlnLux agar plates (150 × 15 mm Petri dishes). Images of free glutamine (Gln) were generated by placing freeze-thawed leaves on the surface of the GlnLux agar. Plates were incubated at 37 • C for 2.5 h, and imaged with a photon capture camera (7383-0007, Princeton Instruments, Trenton, NJ, USA) pre-cooled to −100 • C with an exposure time of 1000 s. The methodology was validated in a previous publication to ensure that image variability between plates was not significant [11] . Raw image output was converted to false-colour heat maps with WinView software (version 2.5.16.5, Princeton Instruments). Plant N uptake was permitted for 2 h. Maize leaves were sampled again, as described above, after 1 and 2 h of N uptake. Flats were then removed from the sub-irrigation trays, and a water hose was applied directly over the top of each flat for 5 min, followed by the bottom of each flat for 1 min to flush N present in the growth media. Previous experimental steps were staggered to account for the flushing period. Flats were placed into new sub-irrigation trays of N-free Hoagland's solution for the remainder of the experiment. Leaf sampling was performed again at 4 h, 6 h, 12 h, 24 h, 36 h and 48 h after the initial transfer to the N-uptake treatments, again by sampling the three different leaves of four replicate plants from each N treatment harvested from separate growth flats. Two additional harvest timepoints were included in Trial 2 at 18 h and 30 h to increase the temporal resolution.
Direct in situ imaging was performed with GlnLux biosensor cells (Figure 1 ) as previously described [11] . Briefly, biosensor cells were incorporated into solid GlnLux agar plates (150 × 15 mm Petri dishes). Images of free glutamine (Gln) were generated by placing freeze-thawed leaves on the surface of the GlnLux agar. Plates were incubated at 37 °C for 2.5 h, and imaged with a photon capture camera (7383-0007, Princeton Instruments, Trenton, NJ, USA) pre-cooled to −100 °C with an exposure time of 1000 s. The methodology was validated in a previous publication to ensure that image variability between plates was not significant [11] . Raw image output was converted to false-colour heat maps with WinView software (version 2.5.16.5, Princeton Instruments). 
Results and Discussion
GlnLux Imaging Demonstrates the Availability Period of Assimilatory Gln
Roots of seedlings grown without N for 8 days were provided with a transitory 2 h pulse of N fertilizer (Figures 2A and 3A) . Immediately before the N fertilizer application, no differences in leaf GlnLux luminescence output were observed between the +/−N treated plants (0 h: Figures 2B and 3B) . In Trial 1, GlnLux output from plants treated with the +N solution increased until 12-24 h after the onset of the N pulse ( Figure 2B ). In Trial 2, additional 18 h and 30 h timepoints were examined ( Figure  3B ), but peak accumulation occurred in the same 12-24 h period. Pronounced differences between the N treatments persisted until 30 h ( Figure 3B ). Following accumulation, Gln depletion was of a similar rate, evident by 36 h and complete by 48 h in both Trials 1 and 2 ( Figures 2B and 3B) . At the latter timepoint, no differences between the +/−N treatments were visible. The results suggest that 
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The Timing of Gln Accumulation and Depletion Occurs Symmetrically along the Leaf-Age Sink Gradient
GlnLux imaging was performed simultaneously in all leaves to detect differences in Gln accumulation and depletion among leaves with potential high N sink strength (youngest growing leaf 3) and low sink strength (leaf 1) [16, 17] . There was not a leaf-specific effect in terms of the timing of GlnLux accumulation (all peaked at 12-24 h) and depletion (common disappearance by 48 h) but intensity differences were observed ( Figures 2B and 3B) . Specifically, Gln accumulation was greatest in leaf 3 (youngest leaf), followed by leaf 2, then leaf 1 (oldest leaf) ( Figures 2B and 3B) , likely to fulfill the extra nutrient demand required to support growth of the younger leaves [16] [17] [18] [19] . GlnLux output persisted slightly longer in leaf 3 in Trial 1 than Trial 2 ( Figure 2B ) for an unknown reason, either biological or technical.
One interpretation of these results is that Gln shuttling to N sinks is regulated to maintain a metabolic balance between supporting the N requirement for growth in young tissue, with maintaining the ongoing metabolic needs of older leaves (e.g., photosynthesis) which were non- . Three different seedling leaves were harvested and imaged using GlnLux agar (B). Harvesting was performed just prior to application of the −/+N treatments, and twice during the treatments after 1 h and 2 h of N uptake. Following the 2 h N-uptake period, all plants were transferred to N-free nutrient solution. Leaves were again harvested after 4 h, 6 h, 12 h, 18 h, 24 h, 30 h, 36 h, and 48 h. Displayed are GlnLux false-colour images of four replicates of each leaf from both the -N (above dashed lines) and +N (below dashed lines) treatments at equivalent harvest timepoints, roughly corresponding to panel A. For display purposes, the three leaves from each plant are arranged along a single column, and the four biological replicates are shown in the same order within each box. The intensity of GlnLux output, from greatest to least, is white, red, yellow, green, and blue, with black indicating absence of GlnLux output. The reader is encouraged to magnify the images.
The results infer the timing by which free Gln is consumed by downstream reactions (e.g., conversion to other amino acids). Future experiments might be conducted in which the molecular regulation of enzymes such as asparagine synthetase and their products are described in a similar timecourse. For example, glutamate, asparagine, and aspartate are important downstream products of assimilatory Gln [7] , and their quantification may provide a layer of data with which to annotate GlnLux images. Additionally, genetic mutants or chemical inhibitors [14, 15] that block Gln conversion, or N 15 labeling experiments [9] would provide confirmation that reduction of GlnLux output over time is the result of Gln conversion to downstream molecules. The exact timing of Gln disappearance may also be characterized with analytical chemistry methods [9] , or an alternative GlnLux methodology which analyzes plant extracts for more quantitative results [11] .
One interpretation of these results is that Gln shuttling to N sinks is regulated to maintain a metabolic balance between supporting the N requirement for growth in young tissue, with maintaining the ongoing metabolic needs of older leaves (e.g., photosynthesis) which were non-senescent at the assayed stage. These results are consistent with those of a previous publication in terms of the onset of timing of peak Gln accumulation across maize seedling leaves [11] , but also demonstrate that the timing of Gln depletion and hence Gln availability is similar across the leaf-age sink gradient.
The Timing of Gln Availability May Be Specific to the Conditions Used
In general, these timing results should be interpreted cautiously. The exact timing of Gln accumulation/disappearance and hence availability may be specific to the conditions of this study. The results might be different with other developmental stages, genotypes, or environmental conditions. Previous experiments have also demonstrated that the tissue location of N assimilation (i.e., root vs. shoot) is specific to the inorganic soil N concentration [20] [21] [22] and source (i.e., ammonium vs. nitrate) [8, 23, 24] . In this study, GlnLux output across N treatments and timepoints was generally greater in Trial 1 ( Figure 2B ) compared to Trial 2 ( Figure 3B ), which were conducted in July and December 2016, respectively. Despite the controlled greenhouse environment, plants in July (summer) received higher light intensities, day lengths, and temperatures, compared to December (winter). N uptake is in part regulated by the rate of carbon fixation and photosynthesis, which ensures the adequate supply of carbon skeletons for assimilatory products [25, 26] . These physiological responses to environmental variation may have contributed to observed differences between the trials.
Despite the variable nature of N metabolism, various studies have consistently shown that GS and/or Gln rapidly accumulate within minutes to hours after application of N following a period of N starvation [21] [22] [23] 27, 28] , consistent with the in situ visualization presented here. It is worth noting that free Gln in maize leaves does not represent all of N absorbed by roots-for example, nitrate can also be transported to foliage for storage [29] [30] [31] [32] .
Implications of a Limited Gln-Availability Period in Maize Leaf Tissue
GlnLux imaging suggests that after inorganic N from soil is assimilated and transported in the shoot, a portion accumulates as free Gln in leaves. Following peak accumulation, free Gln remains up to 24 h before downstream utilization. Assimilatory processes can be influenced by different growing conditions, tissue ages, and genetic characteristics, as recently demonstrated and reviewed [11] . However, the literature has indicated 24 h as an important timepoint for a variety of plant species grown under different conditions. In an older study [8] , leaf levels of nitrate and especially ammonia similarly began to plateau after 24 h following N fertilization in maize grown from seed for two weeks under N deprivation. The same study also showed that nitrate reductase activity peaked at the 24 h timepoint and then decreased [8] . The 24 h time-frame of Gln (and nitrate, ammonia) availability at a N sink may have implications for our understanding of N metabolism. It is well known that N uptake and assimilation genes, enzymes and metabolites such as Gln are under circadian control [25, 26, 33] . However, it may be that plants regulate the availability period of free Gln not because it is an intermediate to build other N-containing molecules-in this role, it may be advantageous for free Gln to persist locally. Rather, plants may regulate the persistence of Gln because it acts as a critical signaling molecule of the internal N status which can, for example, negatively regulate root N transporters [34, 35] . An inverse correlation has been observed between the Gln concentration and nitrate transporter proteins in the roots of multiple species [28, [36] [37] [38] . When Gln was administered to maize seedlings via tip-cut leaves, root N uptake was shown to decrease [37] . In addition to transporter regulation, increased Gln was shown to control at least 35 general stress response genes in rice [39, 40] . Increased Gln has also been implicated in coordinating sulphate and N nutrition in barley [41] , and to exert control over the C4 photosynthetic pathway in maize [42] . Therefore, the~24 h period of Gln availability may be an important interval during which free Gln (or lack thereof) can affect a range of plant metabolic processes. In the future, GlnLux may be used to help probe the relationship between free Gln and these other metabolic processes, allowing metabolic/transcriptomic heatmaps to be overlaid with both temporal and spatial resolution.
Conclusions
Following root nitrogen fertilization, based on in situ imaging, the availability period of assimilatory Gln in maize seedling leaves was shown to be 24 h after peak accumulation. The temporal availability period of glutamine was similar in all seedling leaves, however the amount of Gln accumulation was leaf specific. As Gln is not only a metabolic intermediate, but also a signaling molecule, this temporal availability period may also have importance in the regulation of other plant processes.
